A numerical investigation of combustion of propane-hydrogen mixture in a swirl
NUMERICAL ANALYSIS OF LEAN PREMIXED COMBUSTOR FUELED BY PROPANE-HYDROGEN MIXTURE

Introduction
Reduction of emissions has been one of the major challenges and activities of researchers and engineers in combustion technologies. The use of hydrogen and hydrogen enriched fossil fuels appears to be an effective way to low carbon energy production. Besides, hydrogen is a renewable energy source, an energy storage medium and can be directly used in mixtures with natural gas and liquefied petrol gases (LPG) in existing gas piping and combustion systems [1] [2] [3] . Hydrogen is a clean, excellent fuel, which combustion product is water. Hydrogen production is based on a number of methods: use of solar, wind and nuclear energy, steam methane reforming, conversion of coal and biomass to hydrogen, water electrolysis, and others. Once produced, hydrogen is also considered a renewable energy. One should particularly pay attention to solar and wind energy for hydrogen production at competitive costs resulting from the fast technological developments. The main limitations of solar and wind power energy sources are site-specific operation, costs and intermittency [4, 5] . Regarding the intermittency problem, energy storage becomes very important and urgent issue [6] . Using batteries to store any energy surplus for later consumption can resolve the time mismatch between energy supply and demand. The shortcomings of battery storage are high priced, low-storage capacity, shorter equipment life, and considerable solid and wastes generated [7] . In order to better harness renewable energy, hydrogen has been identified as potential alternative fuel, as well as, energy storage carrier for the future energy supply [8, 9] .
Hydrogen energy storage system presents an opportunity to increase the flexibility and resiliency of the sustainable energy supply system while potentially reducing overall energy costs on account of system integration and better utilization of renewable energy. On the other hand, its low density poses a storage problem [10] . Using pure hydrogen is possible, but not feasible in existing energy utilization systems. One of the possible solutions is hydrogen blending with other gaseous fuels. Blended hydrogen into the existing gas pipeline networks has been proposed as a means of increasing the output of renewable energy systems [11] . At relatively low concentrations of up to 10 vol.% hydrogen may be safely injected into existing fossil fuel gas pipeline systems with only minor modifications [12] .
Realizing the growing importance of hydrogen, many researchers have focused their investigations on different aspects of its production and use. Nevertheless, in the available literature, there is a lack of published research on combustion of mixtures of LPG and hydrogen. Dutk et al. [13] performed an experimental investigation to study the emission characteristics of a novel low NO x burner fueled by hydrogen rich mixtures with methane. The burner was tested in a cylindrical combustion chamber at atmospheric pressure. A burner thermal load of 25 kW and air-fuel equivalence ratio of 1.15 was maintained for various fuel compositions throughout the experimental tests. The investigation showed that lowest NO x emissions were below 9 ppm and 14 ppm, at 3% of O 2 for 5% and 30% mass fraction of hydrogen in the fuel, respectively. The effect of hydrogen addition to ultra-lean counter flow methane/air premixed flame on the extinction limits and the characteristics of NO x emissions were studied numerically by Guo et al. [14] . They indicated that the addition of hydrogen can significantly enlarge the flammable region and extend the flammability limit to lower equivalence ratios, and in constant equivalence ratio, the addition of hydrogen increases the emission of NO. Therkelsen et al. [15] implemented an experimental investigation to study the NO x formation in hydrogen-fueled gas turbine engine. Three sets of fuel injectors were developed to facilitate stable operation while generating differing levels of air-fuel mixture non-uniformity. One set was designed to produce near uniform mixing while the others had differing degrees of non-uniformity. The higher emission of NO was found even with nearly perfect premixing when operated on hydrogen than when operated with natural gas. Choudhuri et al. [16] carried out an experimental investigation to study the characteristics of combustion and pollution of a diffusion flame in a vertical combustion chamber. The authors investigated a range of different fuel blends by varying the volumetric fractions of propane in the fuel mixture (5% up to 35 vol.%). They reported that the emission index of NO x was 0.90 g/kg, at the baseline condition (95% hydrogen and 5% propane) which decreased to 0.34 g/kg, for 65-35% hydrogen/propane mixture. To the authors knowledge, there are no published papers on LPG/hydrogen mixture effects on NO x emission for a swirl premixed micro gas turbine combustor.
The present paper focuses on numerical analysis of effects on swirl number and equivalence ratio on NO x emission of a micro gas turbine combustor, fueled by 90/10 vol.% LPG/ hydrogen mixture. The analysis was based on ANSYS Fluent commercial CFD package which was validated by comparing the available experimental data of the combustor and the numerical results. The analysis shows that the addition of hydrogen into LPG increases NO x emissions.
Combustor model
The combustor, schematically given in fig. 1 , consists of two components: combustor chamber and variable-length center body [17] . The combustor inner diameter is 66 mm and the length 104 mm, the center body diameter is 25 mm, while the maximum length of the center body is 66 mm. The flat-vane swirler is mounted in the annular tube. Three swirlers with different vane angles of 30°, 45°, and 60° are used, corresponding to swirl numbers 0.45, 0.73, and 1.13, respectively. The center body and reaction chamber walls are water cooled, keeping the temperatures of the surfaces around 50 °C. The combustor is fueled by propane which nominal mass flow rate is 0.175 g/s, corresponding to nominal thermal power of P 0 = 8.1 kW
The air-fuel mixture is prepared in a mixing chamber and injected through a swirler into the combustor. The tests were performed at atmospheric conditions: pressure of 101.3 kPa and temperature of 20 °C. The tests were performed under parametric variations of equivalence ratio, swirl number and thermal power. The fuel and air-flow rates were measured using calibrated rotameters, while the exhaust gas composition was measured using Testo 350-XL and Testo 454 flue gas analyzers. To get representative flue gas samples and to prevent the outer air from interfering with exhaust gases, an extension tube with the same inner diameter and length as the combustor was attached to the combustor exit. The exhaust gas was sampled with a cooled stainless steel probe and transported through a heated tube to the gas analyzer. The accuracy of measurements is ±0.2% for O 2 and ±5% of reading for NO. The measured values of NO were corrected to 15% O 2 flue gas dry conditions.
Governing equations and boundary conditions
This numerical research is based on the ANSYS-Fluent software. The two equation, standard k-ε turbulence model is used. The generalized equation that governs the conservation of mass, momentum and energy, Reynolds averaged, can be written:
where β Γ ′ is the diffusion coefficient, S β -the source term, and β -an arbitrary variable.
The local mass fraction of each species, i Y is predicted through the solution of convection-diffusion conservation equation for the th i species:
where i S is the rate of creation by addition from the dispersed phase plus any user defined sources.
The net rate of production of species i due to reaction r is R i given by smaller value of the two equations:
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The emission of NO x is calculated including both thermal and prompt NO x . The effect of residence time (the Lagrangian reference frame concept) is included through the convection terms in the governing equations written on the Eulerian reference frame. For thermal and prompt mechanisms, only the species transport equation is needed:
where D is the effective diffusion coefficient and U NO is the source term.
The NO source term due to NO x thermal mechanisms is:
The prompt NO x formation rate:
In the previous equation: 
where ' a E is the energy of activation, n -the number of carbon atoms per molecule, ϕ is the equivalence ratio, and a is the oxygen reaction order. The correction factor is a curve fit for experimental data [18] .
The thermal NO x formation rate is calculated by:
In previous expression, f ,1 k , f ,2 k , and f ,3 k are the rate constant for the forward reaction and r,1 r,2 , k k , and r, 3 k are the corresponding reverse rate constants. The specific heat, viscosity, and the thermal conductivity of the fluid mixture are calculated using the mass weighted average method. Second-order upwind scheme is used to discretize the governing equations, and the SIMPLE algorithm is used to deal with pressure-velocity coupling.
The boundary conditions are: the mass flow rate of propane is 0.175 g/s, and in the case of mixed (90% C 3 H 8 , 10% H 2 vol), 0.16915 g/s of C 3 H 8 and 0.00085 g/s of H 2 , which corresponds to thermal power of 8.1 kW. The mass flow rate of air corresponds to a chosen value of the equivalence ratio. The air-fuel mixture temperature at the combustor inlet is 20 °C. The radiation model is chosen to be discrete ordinates model. The temperature of the surface of combustor walls is 50 °C. The combustor outlet pressure is assumed 101.3 kPa and the outlet temperature 20 °C. The swirl number and equivalence ratio are the independent variables.
The mesh
The combustion chamber domain as shown in fig. 2 is divided with maximum ortho skew of It can be seen that the outlet temperature and velocity obtained by the mesh with medium size (339834 cells) is very close to that of fine mesh (502776 cells), as such, the medium size mesh is used.
Results and discussion
The variation of independent parameters of fuel composition, equivalence ratio and swirl number affects the NO x emission, as follows.
Validation of the applied numerical analysis
For validation of the applied numerical analysis, results of experimental investigation of the micro gas turbine combustor, fueled by propane, are used [17] . The NO x emission results of experimental and this numerical research, as a function of equivalence ratio and swirl number, are shown in fig. 3 . It can be seen that predicted values of NO x emissions agree very well with measured data for the equivalence ratios between 0.6 and 0.85, except for the highest value of swirl number (S = 1.13).
These findings of NO x emission show that the applied numerical method can be used with a high level of confidence when burning pure propane. It can be assumed, therefore, that a similar level of confidence can be expected for numerical analysis of propane-hydrogen mixtures, at least for lower concentrations of hydrogen of up to 10 vol.% As explained before, hydrogen can be directly used in existing LPG and natural gas pipelines and combustion systems with concentrations of up to 10 vol.% [11, 12] . Figure 4 shows the temperature distribution in combustor when pure propane and propane-hydrogen mixtures are used. Figure 4 represents the mean temperature distribution along the central plane of combustor for equivalence ratio ϕ = 0.8 and different swirl numbers (0, 0.45, 0.73, and 1.13). It can be observed that by increasing the swirl number, the shape of high temperature zone changes, for flow with no swirl (S = 0) the flame is elongated, narrow, and protrudes out of the combustor. For the increase of the swirl number (0.73 and 1.13) the flame becomes wider, shorter and fig. 5 . The first noticeable observation is the presence of a central recirculation zone (CRZ) at the combustor inlet and wall recirculation zones (WRZ) in the burner corners. As the swirl number increases, the length of the WRZ decreases. This is due to the radial expansion of the flow under the swirl effect. at no-swirling flow (S = 0) the CRZ is smaller compared to the size of the WRZ, as can be observed in this case, the length of CRZ is about 21 mm, while, the WRZ length is about 49 mm. For strong swirl number (S = 1.13), the flow structure is different and the size of the WRZ is reduced. Contrary to the size of WRZ the CRZ reaches a length of 75 mm, while the WRZ length decreases to 18 mm. Also, in cases of swirl numbers (0.73 and 1.13), it can be seen that re-circulation zone at the combustor outlet increases with S to the length of about 25 mm for (S = 1.13). Figure 6 illustrates the temperature distribution along (x-x) line for swirl numbers (S = 0.45, 0.73, and 1.13) and equivalence ratio (ϕ = 0.8). It can be seen that in general, the increase of the swirl number moves the flame closer to the combustor inlet. For (S = 0.45) combustion zone protrudes out of the combustor outlet with the maximum temperature is at x ≥ 67 mm. With the increase of the swirl number to 0.73, the maximum temperatures are at x ≥ 32 mm. For the strongest swirl (S = 1.13), the combustion occurs inside the combustor, near the exit plane and the maximum temperature is at x ≥ 19 mm.
The mass fraction profiles of C 3 H 8 and H 2 and the reaction rates of propane-hydrogen flames at an equivalence ratio (ϕ = 0. 8) and swirl numbers 0.45, 0.73, and 1.13 are shown in figs. 7-9, respectively. The results show that the increase of swirl number leads to the decrease of distance for the consumption of both C 3 H 8 and H 2 . A noticeable difference between propane and hydrogen is faster consumption of hydrogen in general. The effect of swirl increase from 0.45 to 0.73 on fuel consumption is moderate, while for (S = 1.13) the rates of consumption have pronounced peaks. Figure 10 illustrates the variation of NO x emissions for different equivalence ratios and swirl numbers when using pure propane and mixture of propane and hydrogen (90 vol.% . It can be clearly seen that the addition of hydrogen to propane increases NO x emissions. This effect is smaller at lower equivalence ratios and increases with the increase of equivalence ratio. The maximum increase of NO x takes place at equivalence ratio ϕ = 0.9 for all cases of swirl numbers.
Conclusions
A numerical analysis of combustion of premixed propane air and propane-hydrogen air mixture was conducted. The temperature, reaction rates and concentrations of propane and hydrogen and NO x emission were calculated over the range of equivalence ratios and swirl numbers for constant thermal power. The major conclusions of this work are as follows. y For flow with no swirl the flame is elongated, narrow, and protrudes out of the combustor.
The increase of swirl number moves the flame closer to the combustor inlet. The flame becomes wider, shorter and completely inside the combustor, for both fuels, due to the stronger re-circulation, induced by increased swirl. The most pronounced difference between the flames of propane and propane-hydrogen mixture can be seen for the highest swirl, S = 1.13.
The flame of propane-hydrogen is shorter and more compact than that of propane. This can be attributed to the increase of flame speed of the propane-hydrogen mixture. y The reaction rates of propane and hydrogen increase with the increase of swirl number, with pronounced peak for highest swirl, S = 1.13. A noticeable difference between propane and hydrogen is faster consumption of hydrogen. y The addition of 10 vol.% of hydrogen into propane increases the NO x emission by about 20% in equivalence ratio 0.9, and about 30% in equivalence ratio 0.9. y The increase of swirl number from S = 0.45 to 1.13 lowers the NO x emission between 30-40% for both fuels. 
